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Hepadnaviruses are DNA viruses that replicate through reverse transcriptioii of an RNA pregenome. Viral 
DNA synthesis takes place inside viral nucleocapsids, formed by core protein dimers. Previous studies have 
identified carboxy-terminal truncations of the core protein that affect viral DNA maturation. Here, we describe 
the effect of small amino-terminal insertions into the duck hepatitis B virus (DHBV) core protein on viral DNA 
replication. All insertion mutants formed replication-competent nucleocapsids. Elongation of viral DNA, 
however, appeared to be incomplete. Increasing the number of additional amino acids and introducing neg- 
atively charged residues further reduced the observed size of mature viral DNA species. Mutant core proteins 
did not inhibit the viral polymerase. Instead, viral DNA synthesis dcstabiUzed mutant nucleocapsids, rendering 
mature viral DNA selectively sensitive to nuclease action. Interestingly, the pheno^e of two previously 
described carboj^-tcrminal DHBV core protein deletion mutants was found to be based on the same mecha- 
nism. These data suggest that (i) the amino- as well as the cari)0xy-terminal portion of the DHBV core protdn 
plays a critical role in nudeocapsid stabilization, and (ii) the hepadnavirus polymerase can perform partial 
second-strand DNA synthesis in the absence of intact viral nucleocapsids. 



Hepadnaviruses are small enveloped DNA viruses with a 
narrow host range and a relative tropism for the liver. The 
most extensively studied members of this viral" ramily include 
the hepatitis B virus (HBV), the woodchuck hepatitis virus, 
and the dude hepatitis B virus (DHBV) (7, 17, ?.S). Hepadna- 
viruses have a unique replication strategy that ir\*olves reverse 
transcription of a pregenomic RNA intermediate (21, 26). Dur- 
ing vbiis assembly, pregenomic viral RNA and the viral poly- 
merase protein are copackaged into an icosahedral capsid shdl, 
which is formed by core protein dimers. Within the nudeocap- 
sid, the viral polymerase converts viral RNA into minus-strand 
DNA. Minus-strand DNA is the template for synrhesis of com- 
plementary plus-strand DNA Since elongation starts dose to 
the 5' end of minus-strand DNA and switches to the 3' end of 
the template, a noncovalendy dosed-circular DKA molecule is 
generated (9, 11, 19, 22). 

The HBV core protein consists of 183 amino adds. It is able 
to self-assemble via duneric intermediates into s[)herical shells 
(32), Recently the molecular structure of the HBV nudeocap- 
sid has been resolved by cryoelectron microscopy (3, 5, 6). The 
DHBV core protein consists of 262 residues and rorms nucleo- 
capsids of a three*dimensional structure similar it \ that of HBV 
(14). The carboxy-terminal region of hepadnaviral core pro- 
teins is strikingly rich in arginine residues. This region has been 
shown to play an essential role in both packaging of pre- 
genomic RNA and viral DNA maturation (1, 2. 8. 10, 18, 20, 
31). The amino-terminal region of the HBV core protein is 
believed to be an integral part of the partide assembly domain, 
since mutants bearing small N-tcrminal deletions fail to form 
nudeocapsids (IS). 
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Here we report that small N-terminal insertions into the 
DHBV core protein appear to affect viral DNA maturation 
similar to the previously described phenotype of C-terminaDy 
truncated DHBV core proteins (31). This effect, however, is 
not due to incomplete plxis-strand DNA elongation. Rather, 
second-strand DNA elongation progressively destabilizes mu- 
tant nudeocapsids formed by N-tcrminally extended or C-ler- 
minally truncated core proteins. 

MATERIALS AND MEfHODS 

ConstTDCts. WQd-Type DHBV core protein wu expressed from plasmid pTC- 
Dcore, in whidi tnmcriptian of the core open reading frame (ORF) as driven by 
the ^megaloviru& promoter. The core protein mutants analyzed io this study 
are derived from tbe ej^ression vector N64. which contains 64 amino adds of the 
bacterial LacZ protein at the N terminus of tbe core reading frame. Both 
plasmids have been described in detail previously (28, 29). Qone 25N and done 
6N wcTc constructed by removing the 123-bp £coRV*/Mil fragment or the 
174-bp £coRV-Am31 hagment from expression vector N64. Mutants conuining 
shorter insertions were constructed by ligating PCR-gencxated Eragments into 
the £coRV and Nsii restriction site of plasmid pTC-Doore. Qone 17N is a 
muumc which carries the coding sequence of the myc epitope. This mutant was 
construaed by ligating a double-stranded oligonucleotide into the Notl restric- 
tion site of tbe vector •equcnce and the Xbal site ai the N terminus of the core 
ORF. The construct pST7SClaSph- is a head-to-tail dimer coding for all de- 
ments necessary for DHBV replication ejEcept for the viral core protein (28). 

Transfectioii, purification of viral DNA, and Sontbcrn blot analysiB. The 
chicken hepatoma cell line LMH was transfeaed by the caldum phosphate 
method (4, 13). Is a typical cotransfection experiment, 10 p.g of core expression 
plasmid and 10 )tg of core-defident DHBV head-io-tail dimer construct were 
transfected into a 10^-diameler dish containing 5 ml of culture medium. Three 
days after transfection. the ceUs were tiypsinized and resu^ended in 500 ijJ of an 
isotoiLic buffer (340 mM NaQ, 1.5 mM MgOj. 50 mM Tris [pH 8.0]) containing 
0.5% Nonidet P-40. Cell nudd were removed by centrifugation for 5 min al 
1,000 X g. and the supematants were deared from cell debris by centrifugation 
for another 5 min at 14,000 x g. To remove plasmid DNA, the iysates were 

treated with 50 u of micrococcal ouclease (Pharmacia, Uppsala, Sweden) in Ihc 
presence of 2 mM CaQj for 2 h at 3TC After protcmase K digestion, viral DNA 
was purified by adsorption to silica columns (QuiaAmp tissue kit; Quiagen, 
Hilden, Germany) according to the manufacturer's recommcDdaiion. RNase A 
digestion was induded to remove cellular as well as viral RNA. In some exper- 
iments, purified DNA was digested with the restriction enzyme Dpnh This 
enzyme sdccdvdy cleaves transfeded cneihylated DNA, but does not affea 
newly syndiesized viral DNA. Nudeic acids were separated by dectropboresis 
through 1% agarose gels, transferred onto nylon membranes (Amersham. Buck- 
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WT MDIN... 

IN MDDIN... 

2N MDVDIN... 

3N MDAVDIN... 

, 4N MDEAVDIN... 

SN MDPEAVDIN... 

5QN MDPQAVNIN... 

6N MDAPEAVDIN... 

17N M£QKL1S£EDLNS£KG€LD(N... 

25N MDRPSQQLRSLNGEWRFaWFDaPEAVTDIN... 

FIG. L. NomeacUture and aniiao add sequences ol mutant DHBV core 
proiezxks. WT, wild-type core protein; IN to 2SN, mutated core proteins, laser- 
tions are depicted in boldface letters. 



inghamshire, England), and hybridized with a DHBV-spcci&c, ^^P-labeled DNA 
probe. 

EodogeDoiu polynieiBse assay. ViraJ core particles were purified from cyto- 
plasmic extracts by immunoprecipitatioD with a poIycTonA) rabbit antibody di- 
rectec) against DHBV coie protein (a kind gift &rom H.'J. Schlicht). The precipe 
itate was incubated with 10 fiCi Of Ia-"P]dCrP (3.000 Ci, ramol), dATP. dOTP. 
and dTIT (final concentration, 10 p.M each) in a buffer cijotaining 50 mM Tris 
(pH 8,0). 50 mM NH4a, 40 mM MgOj. \% Nonidci P JO. and 0.3r<r p-raer- 
captoethanol for 2 h at 37*C. Nohlabeted dCTP was added to a final concentra- 
tion of 10 iiM, and the samples were incubaied for a^ioiher 12 b a I 3TC 
Subsequently, some aliquots were treated with mtcrococcn* nuclease. Viral DNA 
wai ptirified as described above, separated am\% agamsif gel, transferred to a 
blotting membrane, and analyzed by autoradiography. 

RESULTS 

DHBV core proteins bearing smaii N*terminal insertions 
allow for nudeocapsid fomiation and syntheiis of apparently 
immature viral DNA. A series of DHBV core protein mutants 
were constniaed that contained short N-tcnninal msertions at 
position 2 or 3 of the core ORF (Fig. 1). Expression of the 
respective gene products was verified by Western blot analysis 
(data not shown). The modified core protein:> were tested for 
their ability to support viral replication in a transcomplemen* 
tation assay. LNffit cells were cotransfected with expression 
vectors coding for the respective modified core proteins and a 
head-to-tail cSmer construct of the DHBV s^enome, which is 
deficient for core protein synthesis. A standard protocol in- 
volving treatment of cytoplasmic extracts with micrococcal nu- 
clease to remove contaminating plasmid DNA before purifi- 
cation of DNA and Southern blotting was used. 

As shown in Fig. 2, ail mutants supported ihe production of 
rcplicative intermediates. Hence, these mutants allow tor the 
formation of viral nucleocapsids. In this cxp>erimental setting, 
minus-strand DNA and nascent plus-strand DNA were detect- 
able (Fig. 2). The presence of partially elongated plus-strand 
DNA was confirmed by hybridization with strand-specific, ^^P- 
labeled oligodeoxyribonudeotides (data not shown). Surpris- 
ingly, relaxed-circular DNA, a hallmark of DHBV replication 
in naturally infected as well as transfected ceils, was totally 
absent in the mutant nucleocapsids. 

The apparent defect in viral DNA maturation correlates 
with the size and negative charge of the Insertion. To evaluate 
a potential size effect of the insertions on Df^A maturation, 
mutants bearing 1, S, 17, or 25 additional residues were ana- 
lyzed as described above. As shown in Fig. 3, the single-residue 
mutant allowed plus-strand DNA elongation ro proceed close 

to relaxed-circular DNA. In contrast, plus-strand DNA synthe- 
sis was more severely affected by the 5N mutant and was 
virtually absent in the case of the 17N and 15N mutants. Thus, 
the apparent defect in DNA maturation correlates with the 
size of the respective insertion. 

Next, the potential influence of the insenion's charge was 
analyzed. AH of the insertion mutants tested in the previous 
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FIG. 2. Southern blot analysis of viral DNA generated in mutant nucleocap- 
sids. Nudcocapsid-assodated viral DNA was isolated from cotransfected LMH 
cclla after treatoiem with micrococcal nuclease. DH. viral DNA isolated from 
infected primaiy duck hepatocytes; IN to 6N, modified core proteins (for no- . 
mendature, see Fig. 1); WT. wOd-type core protein; RC, rclaxed-drcular DNA; 
DL, double-stranded linear DNA; SS, single-stranded DNA; M, 3.0-kbp linear 
DHBV monomer. 



experiments contain glutamic and aspartic acid residues. To 
determine whether acidic amino acids are essential to inhibit 
viral DNA maturation, a five-residue mutant was created in 
which glutamic acid and aspartic acid were substituted by glu- 
tamine and asparagine (mutant 5QN). While deficient for syn- 
thesis of relaxed-circular DNA, this mutant produced more 
mature plus-strand DNA than its original counterpart (Fig. 3, 
lanes 5N and 5QN). Thus, the overall negative charge of the 
insertion seems to contribute to the observed effect. This no- 
tion also explains why the effect of the 17N mutant, which 
carries three additional negative charges, is more pronounced 
than that of mutant 25N, which adds only one additional neg- 
ative charge to the core protein. 
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FIG. 3. Apparent effect of size and charge of N-terminal tnsenions on viral 
DNA maturarioo. Results from Southern bloc analysis aie presented. Cytoplas- 
mic extracts were treated with micrococcal nuclease prior to isolation of nucleo- 
capiid-associated DNA. For nomenclacure, see Fig. 1. The net charge of the 
respective insertion is indicated at the bottom. RC relaxed-drcular DNA; DL, 
double-stranded linear DNA; SS, single-stranded DNA; M. 3.0-kbp linear 
DHBV monomer. 
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FIG, 4. Endogenous polymerase activity in mutant nudeckapsids. Core par- 
tides were prepared from cotiransfected LMH ceils and incuhatcd with radiola- 
bded nudeotides. Aiiquott were processed directly (- MN) or after incubaiion 
wiiii microooccal nudease (4-MN}. n.l.» noniransfeaed LMH ceils. For the 
oomendature of the respective tnulanls, sec Fig. L RC. idaAcd -circular DNA. 



MatorattoD of viral DNA induces destabilization of mutant 
core particles. We addressed the issue of why laxed-circular 
DNA was missing in al! mutant core particle n tested. One 
possible explanation would be aii inhibition of ihe viraJ poly- 
merase by the additionaj N-tenninal residues. To test this hy- 
pothesis, endogenous polymerase assays were performed. In 
this cell-free assay system, viral core particles arc purified, and 
viral polymerase activity is iheii determined by incorporation 
of labeled and nonlabeled deoxynucleoside tripliosphates. 

Surprisingly, mutants 2N and 6N were able lo generate re- 
laxed-circular DNA under these experimental conditions (Fig. 
4, left panel). These findings demonstrate that the respective 
mutants did not inhibit the viral polymerase. Rather, both mu- 
tants allowed for complete DNA maturation in a cell-free sys- 
tem, while a strikingly different result was obtained by South- 
cm blot analysis of transfeaed cells (Fig. 2 and 3). 

To account for the divergent results obtained in the respec- 
tive assay systems, the potential role of nuclease digestion was 
evaluated. In contrast to the standard Sourhem blot protocol 
used in the previous experiments (Fig. 2 and 3). our endoge- 
nous polymerase assay did not include micrococcal nuclease 
treatment We therefore tested whether the rclaxed-circular 
DNA generated by the mutants in the endogenous polymerase 
assay was sensitive to nuclease. To this end. the samples were 
treated with micrococcal nuclease prior to preparation of viraJ 
DNA. Indeed, fuU-lcngth DHBV DNA generated by mutants 
2N and 6N disappeared upon treatment with micrococcal nu- 
clease (Fig, 4, right panel). 

Conversely, omission of nuclease digestion in the Southern 
blotting protocol revealed the presence of relaxed-dimiar 
DNA in the case of mutants IN and 3N (Fig. 5. right panel) as 
well as 2N (data not shown). In the same cytoplasmic extracts 
both plasmid and relaxed-circular DNA disappeared when the 
cytoplasm was intubated with micrococcal nuclease (Fig. 5, left 
panel), thus confirming our previous results. 

Taken together, these data indicaie thai the synthesis of re- 

laxed-circular DNA dcstdbDizes nucleocapsids formed by core 
protein mutants that cany small N-terminal inscnions. In the 
case of mutant 6N, relaxed-circular DNA was clearly visible in 
the endogenous polymerase assay but hardly detectable by 
Southern blotting. Mutant 25N failed to produce relaxed-cir- 



cular DNA in both assays (Fig. 4 and 5, respectively). Earlier 
nucleocapsid destabilization or additional size effects on viral 
DNA synthesis might account for these observations. 

C-termiiiaUy truncated DHBV core proteins allow for Che 
formation of lEtilly matiire, but nuclease-sensitive viral DNA. A 
previous study of carboxy-tcrminally truncated DHBV core 
proteins has described effects on DNA maturation (31) strik- 
ingly similar to the phenotypes of our N-terininal insertion 
mutants. We tested the possibility that these effects are also 
due lo nucleocapsid disintegration. Two previously character- 
ized class II mutants (31), lacking about half of the arginine- 
rich C terminus, were analyzed by Southern blotting. Indeed, 
omissioii of nudease treatment in the DNA purification pro- 
tocol revealed the presence of relaxed-circular and double- 
stranded linear DNA (Fig. 6, right panel). Conversely, inclu- 
sion of the nuclease treatment step selectively destroyed fully 
mature viral DNA, yielding immature DNA intermediates as 
published before (31) (Fig. 6, left panel). 

DISCUSSION 

Here we have shown that mutant DHBV core proteins car- 
rying small insertions at the amino terminus generate nucleo- 
capsids, which support early steps of DNA synthesis but are 
destabilized upon formation of relaxed-circular DNA, render- 
ing this DNA species sensitive to nuclease action. Increasing 
the riiimber of added residues and introducing negative 
charges yields more pronounced defects of DNA maturation, 
possibly as a result of earlier nucleocapsid destabilization. Post- 
translatioiial modifications of mutant core proteins, such as 
phosphorylation, might contribute to this process. The concept 
of nucleocapsid disintegration would also explain our observa- 
tion that plus strands of discrete sizes did not accumulate to a 
detectable level. Rather, mature forms of viral DNA were 
virtually absent after nuclease digestion. Our data are in agree- 
ment with previous smdies mapping a domain that is essential 
for nucleocapsid formation to the N terminus of the HB V core 
protein (15). Extendmg this concept, we have identified muta- 
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FIG. 5. Effea of ciicrocoocal nudease digcsUon on the phcnotypc of N- 
terminaUy extended DHBV core proteins. Results from Southern blot anaiysii 

are presented. *+MN, cytoplasmic extracts from coiransfccicd LMH cells treated 

with micrococcal nudease prior lo extraction of nudeocapfiid-as&odated viral 
DNA. -MN, omissioo of micrococcal nuclease ireauncnL Instead of micrococ- 
cal nudease, purified DNA samples were treated with U»e rertridion emyme 
Dpnl which selectiveJy cuts melhylaied, xransfecied plasmid DNA but not the 
nonmeihyiatcd viral DNA. For the nomenclature of the respective muUnis 
see Fig. 1. WT, wUd-type core protein; RC. relaxed -drcular DNA; SS, sinBle-' 
stranded DNA; ?U Dpnl fragmem of transfecied plasmid DNA. 
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FIG. 6. Effect of micrococcal nucJease digesiion on the phenotype of C-t:r- 
minally truncated DHBV core proteins. ResuJu from Southern blot analysis are 
presented. For methods, see the legend to Fig. 5. ••-MN. rreaiment with micro- 
coccal nuclease, but no Opnl digesdon. 'MN, no micr.Koccat nuclease treat- 
ment, but digestion with Opnl WT, wild-type DHBV coi« protein; 239 and 243, 
Ctenninally truncated core mutants according to Yu and Summers (31): RC. re* 
taned-dicutar DNA; DU double-stranded linear DNA; SN. single-stranded DNA. 
Single-stranded DNA was viiuble on the right panel (-MN) upon longer expo* 

sun (not shown). PU Opnl fragment of CransfccteO pla:.inid DNA. 3.0-kbp 
linear DHBV monomer. 



dons that still support nucleocapsid fortnatlon but affect the 
stability of particles harboring nascent DN.A. 

In addition, out data shed new light on the long-.standing 
concept that the argininc-rich C-ccnninal domain of the DHBV 
core protein is specifically required for DNA maturation. It has 
been suggested that viral DNA elongation might be inhibited 
in nucleocapsids consisting of C*cerminaily truncated core pro- 
teins (31). In contrast, our results indicate that the phenotype 
of two of' these mutants is mediated by premature capsid dis- 
integration similar to that of the N-terminal insertion mutants. 
The fact that nuclease treatment was used to remove plasmid 
DNA prior to extraction of nucleocapsid-associated viral DNA 
in the respective study (31) provides an explanation of why 
fully mature DNA forms have not been observed earlier. It wiU 
be interesting to investigate whether similar observations in the 
HBV system (1, 18) are due to the same mechanism. Other 
reports have proposed that modifications of die C-terminal 
domain could play an important role in viral uncoaring (12, 
24). Our data are compatible with this notion and suggest that 
viral DNA maturation might represent another important driv- 
ing force in hepadnaviraj nucleocapsid disassembly. 

The precise mechanism of mutant nucleocapsid disintegra- 
tion is unclear at present. Electron cryomicroscopy studies 
have shown that HBV core protein mutam.s bearing a C-ter- 
minal truncation (6) or a small N-terminal elongation (3a) 
generate wild-type like nucleocapsids in bacteria. By analogy, it 
seems reasonable to assume that a correct DHBV core struc- 
ture is made first. Second*strand DNA elongation might then 
trigger structural changes that destabilize mutant nucleocap- 
sids either directly or via an enhanced sensitivity to proteases. 
It remains to be elucidated, however, whether mutant capsids 
completely disrupt and become physically '.eparaie from the 
DNA-polymerasc complex or whether mi.iant core proteins 
remain attached to the complex. 

The observation that nuclease-sensitive mature viral DNA 
can be produced in our experimental system also has implica- 
tions for the activity of the hepadnavirus polymerase. While 
partial minus-strand DNA synthesis has been accomplished 



with the HBV and DHBV polymerases, respectively, in the ab- 
sence of core proteins (16, 23, 27, 30), it is generally believed 
that priming of second-strand D^f A synthesis and elongation 
of plus-strand DNA can take place only within intact nucleo- 
capsids. We provide evidence that second-strand elongation 
can at least partially be completed even in the absence of intact 
nucleocapsids. In this process, cellular polymerases seem to be 
dispensable, since plus-strand DNA was elongated in both trans- 
fected cells as well as in the endogenous polymerase assay. 
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